Differentiated asteroids are rare in the main asteroid belt despite evidence for ∼100 distinct differentiated bodies in the meteorite record. We have sought to understand why so few main-belt asteroids differentiated and where those differentiated bodies or fragments reside. Using the Sloan Digital Sky Survey (SDSS) to search for a needle in a haystack we identify spectral A-type asteroid candidates, olivine-dominated asteroids that may represent mantle material of differentiated bodies. We have performed a near-infrared spectral survey with SpeX on the NASA IRTF and FIRE on the Magellan Telescope.
Introduction
The Missing Mantle Problem, also known as the Great Dunite Shortage, is a decades-old question in planetary science (Chapman 1986; Bell et al. 1989 ) that seeks to understand the perceived shortage of olivine-dominated mantle material in the main asteroid belt, identified spectrally as A-types (Bus and Binzel 2002; DeMeo et al. 2009 ). In the classical theory of asteroid differentiation, a body would form an iron-rich core, an olivine-dominated mantle, and a pyroxene-rich basaltic crust. Over time, the clear lack of observed mantle material has had various interpretations. Earlier on, the "battered to bits" scenario suggested through collisionary processes these bodies had been ground down below the detection thresholds of observational surveys (Burbine et al. 1996) . More modern theories posit that the lack of mantle material suggests there was no significant population of differentiated bodies in the main belt, and that differentiated planetesimals instead formed much closer to the Sun, in the terrestrial planet region. For a review of the missing mantle problem and the evolution of proposed solutions, see DeMeo et al. (2015) . For a review of differentiation see Scheinberg et al. (2015) and Wilson et al. (2015) . For a review of the dynamical history, impact scenarios, and meteorites of differentiated bodies see Scott et al. (2015) .
Searches for basaltic (crustal) differentiated material throughout the main belt have proven successful (e.g., Moskovitz et al. 2008; Solontoi et al. 2012; Leith et al. 2017) . Basaltic asteroids are easily identified spectrally in both the visible and near-infrared wavelengths by the deep and narrow one-micron and deep and broad two-micron absorption bands. The interior of a differentiated asteroid should be metal-rich. Spectrally, this composition falls within the X-type -or Mtype defined by the Tholen taxonomy (Tholen 1984) if albedo data are available and within an intermediate range -however, these spectral classes are compositionally degenerate. Due to the much larger uncertainty in spectrally identifying metal-rich asteroids, we do not explore a search for them in this work.
An additional way to search for differentiated bodies that have been heavily or completely disrupted is to identify spectral A-type asteroids, characterized by a very wide and deep 1-micron absorption indicative of large concentrations (> 80%) of olivine. Olivine-dominated asteroids were first detected by Cruikshank and Hartmann (1984) . Once correcting for their generally very red slopes, they are close spectral matches to brachinite or pallasite meteorites (e.g., Burbine and Binzel 2002) and are thought to represent mantle material or coremantle boundary material of disrupted differentiated asteroids (Benedix et al. 2014 ). An alternate theory for pallasites put forth by Tarduno et al. (2012) is that they result from a major impact of a molten iron core from one body with the mantle of a differentiated second body. The red slopes of A-types are expected to be due to space weathering as shown in experiments as shown by Sasaki et al. (2001) ; Brunetto et al. (2006) . For a detailed compositional analysis of previously known olivinedominated asteroids, see Sanchez et al. (2014) . Not all A-types, however, are expected to be differentiated material (Sunshine et al. 2007 ), a point explained further in the discussion section.
Preliminary studies of the abundance and distribution of Atype asteroids were performed by Carvano et al. (2010) and DeMeo and Carry (2013, 2014) using the Sloan Digital Sky Survey (SDSS). However, while visible wavelengths are useful to identify candidate objects, observing these potential targets in the near-infrared is critical (see Fig. 1 ) to identify if their spectra are truly consistent with an olivine-rich mineralogy. Roughly half of all objects classified as A-types based on visible-only data do not show the characteristic strong, broad 1 micron feature in the near-ir (see Fig. 1 ) and are thus not consistent with mantle material (Burbine and Binzel 2002; DeMeo et al. 2009 ). Similarly for V-types, not all objects classified based on visibleonly data are proven to be basaltic, although the success rate is roughly 90% (Moskovitz et al. 2008) .
In this work we have two goals: 1) to determine the distribution and abundance of olivine-dominated mantle material across the main belt to shed light on their origin as locallyformed or subsequently-implanted and 2) to search for differentiated fragments within asteroid families to constrain the level of differentiation in the interiors of larger parent asteroids.
For Goal 1, we identify 155 A-type candidates and take measurements of 60 of them. New observations presented here more than double the number of known A-type asteroids. We present the spectra, determine the positive detection rate of Atype asteroids based on SDSS candidates, and calculate the total expected A-types according to their size distribution and mass. For Goal 2, we identify 69 candidates for differentiated material within families and take measurements of 33 of them, 12 of which do not overlap with the first set of observations.
[ Figure 1 about here.]
Observations

Target Selection: General Distribution
A major breakthrough towards efficient spectroscopic searching comes from the Sloan Digital Sky Survey (SDSS). SDSS has been in operation for over a decade with the primary objective of imaging extragalactic objects (York et al. 2000) , but also catalogs the photometric measurements (u, g, r, i, z with central wavelengths 0.3551, 0.4686, 0.6166, 0.7480, and 0 .8932 µm.) of moving objects that pass through its field (Ivezić et al. 2001) . Over one hundred thousand asteroids have been observed, many with multiple measurements. These measurements can be converted into spectral reflectance and can be well-characterized by two single dimensions: i-z, which indicates the potential depth of a 1-micron absorption band, and slope (see work by Parker et al. 2008; Carvano et al. 2010; DeMeo and Carry 2013) . While this low resolution and limited wavelength range certainly cannot fully characterize a body's mineralogy, it provides enough information to filter for more interesting targets. Among the hundreds of thousands of (spectroscopically) observable asteroids, finding unique or interesting objects was previously like looking for a needle in a haystack. Searching with SDSS colors has been proven successful for basaltic asteroids (e.g., Masi et al. 2008; Moskovitz et al. 2008; Duffard 2009 ) and for identifying hydration in asteroids (Rivkin 2012) . SDSS is a powerful tool that allows us to focus our efforts rather than conducting blind surveys.
Candidate A-types were chosen among objects observed in the Sloan Digital Sky Survey (SDSS) Moving Object Catalog (MOC). We use the fourth release (MOC4), including observations prior to March 2007. A subset of these data is selected based on quality as described in DeMeo and Carry (2013) . From this subset we create a list of objects with at least one observation with gri-slope greater than 2.15 and less then 4.0 and a z-i value greater than -0.4 and less than -0.115 with class not equal to V (gri-slope and z-i are as defined in DeMeo and Carry (2013) , see Fig 2 for a visual of the parameter space). The area defined here is broader than for A-types in DeMeo and Carry (2013) to increase the number of potential candidates and to explore the parameter space that is not classified. We visually inspected all of the observations from this list and remove objects for which the data do not look accurate (for example one point is spuriously high, creating the false impression of a high gri-slope). We also remove objects for which there are many observations, and most of which are not A-type-like. Our final list includes 155 SDSS main-belt candidate A-types, 65 of which have been observed multiple times. The full list is provided in Supplementary Table 1 and plots of the SDSS colors for these candidates are provided in Supplementary Figure 1 . The observational circumstances for the 60 asteroids measured spectroscopically in this work are provided in Table 1 .
For the purposes of this statistical study we use the A-type boundary limit described above. However, we took additional observations of A-type candidates outside of those bounds to test the boundary robustness. We measured 18 A-type candidate spectra outside the formal boundaries and confirmed one as an A-type Section 3.2. See Supplementary Table 2 
Target Selection: Families
Using the same SDSS data and classifications as in the previous section, we searched for A-type candidates and V-type candidates within asteroid families. We used the memberships from Nesvorný (2010) to identify strict family membership, although we did include observations of candidates that were slightly outside of these boundaries, marked in the notes column of Supplementary Table 3. We identified 69 candidates for differentiation in or near asteroid families based on either being an olivine-rich (A-type) candidate or a basaltic candidate identified by an indication of a deeper than typical 1-micron absorp-tion band (classified as V, R, Q, or U). The U class stands for 'unusual' or 'unclassifiable' and fell outside the boundaries of our formal classification system but are still good candidates for this work. We observed 33 candidates, 12 of which are unique to the family search, the others overlap with the full A-type distribution search described in the previous section. Most targets were in the Flora and Eunomia families. See Table 2 for observational circumstances.
SpeX Observations and Reduction
Observations were taken on the 3-meter NASA Infrared Telescope Facility at the Mauna Kea Observatory. We use the instrument SpeX (Rayner et al. 2003) , a near-infrared spectrograph in low resolution mode over 0.8 to 2.5 µm.
Objects are observed near the meridian (usually < 1.3 airmass) in two different positions (typically denoted A and B) on a 0.8 x 15 arcsecond slit aligned north-south. Exposure times are typically 120 seconds, and we measure 8 to 12 A-B pairs for each object. Solar analog stars are observed at similar airmass throughout the night. We use the same set of solar analogs as the SMASS program (Binzel et al. , 2006 ) that have been in use for over a decade. Uncertainties in spectral slope on the IRTF using these consistent set of stars at low airmass is estimated to be around 5% of the measured slope value. Observations were taken in good weather conditions and observations of other objects throughout the night provide confidence that there were no major systematic slope issues.
Reduction and extraction is performed using the Image Reduction and Analysis Facility (IRAF) provided by the National Optical Astronomy Observatories (NOAO) (Tody 1993) . Correction in regions with strong telluric absorption is performed in IDL using an atmospheric transmission (ATRAN) model by Lord (1992) . The final spectrum for each object is created by dividing the telluric-corrected asteroid spectrum by the average of the telluric-corrected solar star spectra throughout that night. More detailed information on the observing and reduction procedures can be found in Rivkin et al. (2004) and DeMeo and Binzel (2008) .
FIRE Observations and Reduction
Observations were taken on the 6.5-meter Magellan Telescope at Las Campanas Observatory. We use the instrument Folded-port InfraRed Echellette (FIRE; Simcoe et al. 2013 ) in high-throughput, low-resolution prism mode with a slit width of 0.8 arcsecond oriented toward the parallactic angle. Exposures of 180 seconds were used for asteroids to avoid saturation due to thermal emission from the instrument and telescope at the long wavelength end (past 2.2 µm).
The readout mode sample-up-the-ramp was used for asteroid observations requiring exposure times in multiples of 10.7 seconds. For stars readout mode Fowler 2 was used. Standard stars chosen were a combination of well-established solar analogs used for the past decade in our IRTF program and newly measured G2V stars that are dimmer and better suited for a larger, southern hemisphere telescope. Standard stars typically needed to be defocused to avoid saturation. Neon Argon lamp spectra were taken for wavelength calibration. Quartz lamp dome flats were taken for flat field corrections. Observations and reduction procedures are similarly described in For FIRE data reduction, we used an IDL pipeline designed for the instrument based on the Spextool pipeline (Cushing et al. 2004) . Typically, sky correction is performed by AB pair subtraction of images. In this case, because this slit is long (50") we did not use an AB dither pattern and instead use nearby sky along this list from the same exposure. The FIRE reduction pipeline is built for this sky subtraction method.
[ Table 1 
A-type spectral results, abundance and distribution
From three decades of asteroid spectral observations only ∼15 A-type asteroids have been discovered, that have been confirmed to be olivine-dominated from near-infrared spectroscopic measurements (e.g. Cruikshank and Hartmann 1984; Tholen 1984; Bus and Binzel 2002; de León et al. 2004; DeMeo et al. 2009; Sanchez et al. 2014; Borisov et al. 2017; Polishook et al. 2017 ). In our survey we have detected 21 A-type asteroids (20 in the statistical work presented here, plus asteroid (11616) observed outside of the strict candidate boundaries) more than doubling the number of known A-types. Spectra of the confirmed A-types are plotted in Fig. 3 . The survey spectra that are not A-types are plotted in Supplementary Figure 4 . We note that one asteroid (1709) is extremely red with a deep 1-micron band that is typically characteristic of an A-type, however, the band center is shifted shortward of 1.0 micron. We overplot it with an average A-type spectrum to highlight the spectral difference. We prefer to keep our sample of A-types restrictive, thus we exclude (1709) from an A-type classification. In Fig. 4 we plot the survey results in orbital space. The orbits of the confirmed and rejected candidates as well as the unobserved candidates are shown.
[ Figure 3 about here.]
We use the results of this survey to calculate the expected number of A-types throughout regions of the main belt. Overall, we confirm 20 A-types out of 60 candidates, a 33% success rate. In fact, the success rate is the same for objects observed once and more than once by SDSS (14/42 for singlyobserved and 6/18 for multiply observed objects), whereas for similar work for D-types ) the success rate for multiply-observed objects was higher (1/7 or 14% of singlyobserved versus 2/5 or 40% for multiply-observed D-type candidates). Given this success rate, for the full SDSS sample we would expect 52 A-types (155 candidates multiplied by a 33% success rate). There are 32,453 objects in the SDSS sample (defined as having classifications in DeMeo and Carry (2013) with semi-major axes 1.8 ≤ a < 3.7 AU and H magnitude 11 ≤ H < 17), meaning 0.16%±0.03% (52 / 32453) of the main-belt asteroids are A-type. There are 415,448 known objects according to the Minor Planet Center (MPC) within the same semi-major axis and H-magnitude boundaries (as of January 7, 2018) and an A-type abundance of 0.16%±0.03% results in an estimated 666 +134 −115 A-types with H magnitude < 17 (∼2 km for A-types). This calculated value is a lower boundary because asteroid discoveries are incomplete at the smaller size ranges particularly at larger distances. We do not attempt in this work to correct for discovery incompleteness in the MPC database. For simplicity, we refer to the total number of A-types as ∼600 throughout the rest of the paper.
We calculate the frequency of A-types broken down by region (Inner, Middle, Outer etc), semi-major axis bin, and size (H magnitude). The results are provided in Table 4 . We find that half of the ∼600 A-types in the main belt with H < 17 are in the smallest size bin 16 ≤ H < 17. A-types are roughly evenly distributed throughout the 3 main regions of the main belt (inner, middle, and outer). There is no statistically significant difference between the 3 regions: the fraction of A-types is 0.22
−0.06 % of the inner belt, to 0.14 +0.05 −0.04 % of the middle belt, to 0.11
−0.04 % of the outer belt. The Hungaria and Cybele regions do not have many candidates, thus those results are more uncertain.
In Table 1 we list the albedo for any asteroid when available in the literature. The average for A-types in our sample is 0.28±0.09 and for comparison the average for S-types in our sample is 0.34±0.11. The average size of the bodies in these two sets is around 5km, and both sets include 16 objects. The albedos of A-types are statistically indistinguishable from Stypes in our dataset.
[ Figure 4 about here.]
[ 
An A-type among Cybeles
We discovered an A-type (11616) 1996 BQ2 with a semimajor axis of 3.4 AU and inclination of 15 degrees, a location that places it within the Cybele region (3.3 ≤ a < 3.7 AU), even further than the outer main belt 2.82 ≤ a < 3.3 AU). This Atype was discovered outside of the formal statistical survey presented here, because its slope was too low (gri-slope 1.98, z-i value -0.15) to be within the formally defined A-type boundaries (see Sec 2.1). The spectrum is shown in the right panel of Fig. 5 . SDSS data for asteroid (11616) was classified as an S-type by Carvano et al. (2010) , Gil-Hutton and Licandro (2010) , and DeMeo and Carry (2013). Popescu et al. (2016) indicated that it was an A-type candidate based on near-infrared colors (two to four broad band filters per observation) from the VISTA Hemispheric Survey (VISTA-HMS) catalog that included 40,000 asteroids, 146 of which were Cybele.
The Cybele region is dominated by taxonomic classes considered to have formed in colder environments, further from the Sun, such as C-, P-, and D-type asteroids. S-types were thought to have formed in warmer environments closer to the Sun and while they are not compositionally equivalent to A-types, they can be used as a basis for comparison for the distribution of these types of bodies. S-types make up 21, 8, and 5% of the inner, middle and outer belt by mass, whereas only 1% of the Cybeles are S-type (DeMeo and Carry 2013, 2014) . Finding an A-type in a region where S-types are rare is an interesting result that can place constraints on how and when A-types were delivered (or formed) in the main belt.
Family Results
We observed 33 A-and V-type candidates within or near asteroid families. Twelve candidates are unique to this study and are not part of the general A-type distribution survey. The confirmed A-and V-type spectra are plotted in Fig. 5 . The full set of spectra are plotted in Supplementary Figure 5 . A summary of the results for each family is presented in Table 5 . Note we did not search for V-types in any families in the inner belt. The presence of the Vesta family and the large number of V-types associated with that family would make it difficult to unambiguously link a V-type in the inner belt with any other family.
We find one V-type in the Eunomia family, asteroid (66905) (see Fig 5) . We find one A-type asteroid, (17818), in the Gefion family, and one, (92516), near the Vesta family (although it is formally outside the family boundaries defined by Nesvorný (2010)). We find three A-types dynamically linked to the Flora family, (16520), (139045), and (34969). Asteroid (16520) is also dynamically within the Baptistina family. In Fig 6 we show a "butterfly" plot of the Flora family with semi-major axis and H magnitude showing how the family spreads in distance with smaller size due to the Yarkovsky effect (Burns et al. 1979; ). Two of the three A-types are relatively small, making it more challenging to rule out that they could be interloper, background bodies. Family membership is more substantively addressed in Section 3.4.
We perform a statistical analysis of the differentiated fragments confirmed within families to determine if the frequency within any family is significantly different than for the general main-belt A-type population determined from Sec 3.1. Results are provided in Table 5 . Binomial statistics are calculated with n (number of trials), v (number of successes), and p (probability of success) where n is the family total number of objects, v is the estimated number of A-or V-types in the family rounded to a whole number, and p is 0.0016, calculated as the confirmation rate of A-types in the general main-belt population as 52 / 32453 (see Sec 3.1). The cumulative probability is given as the Probability P that the number of A-or V-types is less than the observed number, P(X < v).
Even though the fraction of A-types in the Flora and Gefion family is higher than the general main-belt A-type population (0.41% and 0.57% respectively compared to 0.16%), we find there is an 88.2% and 84.6% chance that there should be fewer A-types in the Flora and Gefion families respectively than we find for the general A-type population. Neither of these results raise to the level of statistical significance, thus we find no compelling evidence for differentiation within families.
Family Membership: A Closer Look
A challenge in identifying differentiation within families is the ever-present potential for interlopers caused by the limitations of dynamical methods for distinguishing between family members and background objects, especially for large and old families (which are typically highly dispersed in orbital element space) in densely populated regions of the asteroid belt (Migliorini et al. 1995) . The Flora family is a good example of such a challenging case, as it is located in a crowded region of the inner asteroid belt near several other families, including the Baptistina, Vesta, Massalia, and Nysa-Polana families (Dykhuis et al. 2014) , is considered unusually dispersed in eccentricity and inclination relative to other asteroid families (Nesvorný et al. 2002) , and is affected by a number of nearby or crossing dynamical resonances (Vokrouhlický et al. 2017 ). As such, membership lists for the Flora family constructed using the widely-employed Hierarchical Clustering Method (HCM) for family identification (Zappala et al. 1990 (Zappala et al. , 1994 are suspected to have a significant fraction (perhaps as high as 50%) of interlopers from neighboring families and the background population (e.g., Migliorini et al. 1995; Dykhuis et al. 2014; Oszkiewicz et al. 2015) .
Consideration of compositional information, such as colors or albedos, is often included in family classification efforts to help remove interlopers from lists of family members (e.g., Novaković et al. 2011; Masiero et al. 2013) , under the assumption that family members should be relatively compositionally homogeneous having originated from the same parent body, assuming that the parent body itself was compositionally homogeneous (e.g., Ivezić et al. 2002; Cellino et al. 2002) . By removing compositional outliers, however, this approach then necessarily limits our ability to search for taxonomic variability among objects considered to be "true" members of a particular family.
To assess the likelihood independent of compositional considerations that the A-and V-type objects that we find within or near asteroid families could be interlopers, we perform a simple analysis based on dynamical methods and considerations alone. Focusing on the Flora family, where we find three A-type asteroids among the family members we observed, we perform dynamical integrations of all 12 Flora family members we studied and an additional twenty of the lowest numbered asteroids in the family to characterize their dynamical behavior over time. We generate four dynamical clones per object, which combined with each original object, gives a total of five test particles per object, where the dynamical clones are Gaussian-distributed in orbital element space (characterized by σ values of 1×10
−6 AU for semimajor axes, 1×10
−5 for eccentricities, and 1×10 −4• for inclinations) and centered on each object's osculating orbital elements as of 2017 January 1. The sigma values for the clones are very conservative. For example asteroid (139045) has 1 sigma errors on a, e, i of 1×10 −8 , 4×10 −8 , and 6×10 −6 , respectively, orders of magnitude smaller than assumed here. We then perform forward integrations for 100 Myr using the BulirschStöer integrator in the Mercury numerical integration software package (Chambers 1999) . We include the gravitational effects of all eight major planets and treat all test particles as massless. Non-gravitational forces are not considered in this analysis.
We find that all test particles associated with observed Flora family members remained stable against ejection from the solar system (defined as occurring when the semimajor axis, a, of an object exceeds 100 AU) over the entire integration period. One dynamical clone of one of the A-type asteroids found in the family (16520) underwent an excursion in semimajor axis of ∆a ∼ 0.025 AU over the course of the integration, but all other test particles associated with A-type asteroids remained extremely stable, undergoing maximum excursions of ∆a < 0.005 AU. The vast majority of the other test particles associated with observed Flora family members exhibited similar stable behavior, although three dynamical clones of non-Atype asteroids underwent relatively large excursions in semimajor axis (∆a > 0.05 AU) over the course of the integrations. Meanwhile, all test particles with the exact osculating elements of the 20 low-numbered Flora family members that we did not observe also remained stable over the duration of our integrations, although nine of the dynamical clones of these objects were ejected during our integrations. We construct contour plots showing the relative density of intermediate positions (in time steps of 10,000 years) in orbital element space over the duration of our integrations occupied by all test particles (i.e., original objects and dynamical clones) associated with the three A-type asteroids found in the Flora family, as well as (8) Flora itself for reference. We find the dynamical evolution of all three A-type asteroids to be qualitatively similar to that of Flora as well as most of the other Flora family members for which we also performed dynamical integrations.
[ Figure 7 about here.] Long-term dynamical stability does not necessarily guarantee that an object is a true member of an asteroid family, as there is no a priori condition that requires members of asteroid families to be dynamically stable. However, if we had found short dynamical lifetimes for the A-type asteroids we find in the Flora family, it would have suggested that these objects were likely to have been recently delivered to their current locations, therefore increasing the likelihood that they could be interlopers, especially if other members of the family are significantly more dynamically stable. That said, given the numerous dynamical resonances that cross the region, even true members of the Flora family may currently have short dynamical lifetimes due to the Yarkovsky effect nudging them towards more unstable regions over time. Indeed, nearly 50% of Flora family members identified by Nesvorny (2015) , including one of the A-type asteroids we found in the family (16520), have Lyapunov times of t ly < 100 kyr (typically the threshold under which an object is considered dynamically unstable), according to a synthetic proper element catalog retrieved from the AstDyS website 1 on 2018 January 1 (Figure 8 ). Combined these results with those of our numerical integrations, we conclude that we find no indications of anomalous dynamical behavior by any of the A-type asteroids we find in the Flora family, and thus no compelling dynamical evidence that they are likely to be interlopers. Given that we only find one compositionally anomalous (i.e., A-or V-type) asteroid per family in the Eunomia, Gefion, and Vesta families, we did not perform full dynamical integrations for objects in those families. We note, though, that similar to the A-type asteroids we find in the Flora family, none of these asteroids (and in fact, none of the family-associated asteroids that we observed at all) have t ly values that are anomalous for the families with which they are associated ( Figure 8 ). As such, while these results should not be regarded as definitively establishing that these objects are true members of their respective families, we nonetheless conclude for now that we find no anomalous dynamical behavior with respect to other family members that might suggest that these objects are likely to be interlopers. As such, we conclude for now that we find no anomalous dynamical behavior with respect to other family members that might suggest that these objects are likely to be interlopers. We note though that Yarkovsky drift could cause family members to eventually evolve onto orbits similar to those of a nearby A-type background object, or vice versa, thus making the family members and the A-type object effectively indistinguishable from each other using dynamical criteria, even though the Atype object is an interloper. Therefore, as before, while these results are suggestive, they should not be interpreted as definitively establishing that these objects are true members of their respective families.
[ Figure 8 about here.] More sophisticated methods have been employed in attempts to distinguish true members of a family from interlopers, such as the modeling of the dynamical evolution (including the Yarkovsky effect) of suspected interlopers from their assumed origin points (e.g., Carruba et al. 2005) , or the use of a family's "core" in orbital elements (where the fraction of interlopers is assumed to be relatively low) to establish the range of reflectance properties of the family before expanding consideration to the rest of the family (e.g., Dykhuis et al. 2014) . If and when individual interlopers can be reliably identified, an automated method has also been developed to remove additional associated interlopers that were linked to the family through the use of HCM via "chaining" through the initially identified interloper (Radović et al. 2017) . Such detailed analyses of each of the families we studied here is beyond the scope of this work, particularly given the low incidence of A-type asteroids found in the families we studied, and thus the minimal evidence of differentiation in those families. Nonetheless, in the event that stronger evidence of differentiation in these or other families is found in the future, these methods may be worth considering to ensure that any compositional diversity found within a family is truly due to differentiation of the parent body and not subsequent contamination by interlopers.
A note on observational completeness
Correcting for observational incompleteness is beyond the scope of this work. However, here we explain the completeness factors to consider. These questions include 1) How complete is the SDSS at a given H magnitude? 2) How complete is the MPC at the same magnitude? 3) How does one account for the fact that a 2 km body has a different average H magnitude depending on its taxonomic class? In DeMeo and Carry (2013) and an upper H magnitude limit of 15.5 was chosen because the SDSS survey was sensitive to even the darkest asteroid class at that magnitude.
In this work we are pushing down to 2 km (H∼15.9 for Atypes and H∼17.2 for D-types) to increase our candidate pool of A-types, the SDSS survey cannot measure darkest asteroids at further distances. This means that SDSS, the MPC catalog of known asteroids (and thus our results) are more incomplete at the smallest size ranges, but are differently incomplete for each class.
For example, the SDSS is biased towards observing the highalbedo A-types over the darker classes. Therefore, we are overestimating the fraction of A-types relative to other classes in SDSS, excluding the inner main belt which is sensitive down to H=17.2, thus it includes all 2 km bodies regardless of class. On the other hand, because the MPC is incomplete at smaller sizes we are underestimating the total number of bodies. This comes into effect when we apply the fractions from SDSS to the MPC numbers to determine the total number of A-types at each distance and size range. For example, in 2013 we estimated that in the H = 15-16 magnitude range, we were 100%, 85%, and 60% complete in the inner, middle, and outer main belt respectively.
Discussion
Discussion on general distribution and mass
Overall, we find A-types well distributed throughout the main belt in distance and inclinations suggesting there is no single main-belt common origin. In Fig. 9 we show the number of A-types as a function of size and of semi-major axis. Even though A-types are more numerous at smaller sizes, they remain generally the same fraction of the population -as the population increases at smaller sizes so does the number of Atypes. We also look at how the A-type sample is distributed across the main belt compared to the S-and C-types. A similar distribution could indicate a similar delivery mechanism. For S and C we use the number of bodies in each bin from the SDSS dataset classified by DeMeo and Carry (2013) , and calculate the fraction by dividing by the total number of S and C for each sample (bounded by H magnitude, main-belt region, or semi-major axis) such that the percentage of each type sums to 100% over the whole region. For the main-belt regions, the distribution of A-types is generally consistent with that of S-types, although the A-type distribution is flatter since S-types peak in the middle belt. The A-type distribution is not consistent with the C-types that make up only a small fraction of the inner belt and increase dramatically, peaking in the outer belt.
[ Figure 9 about here.] Most of the mass of A-types (>80%) is contained within the single largest body, (354) Eleonora, that has an absolute (H) magnitude of 6.4 and a mass of roughly 4.6 x 10 18 kg. See Gaffey et al. (2015) for an in-depth spectral analysis of Eleonora. We show the mass of A-types in each size range in Fig. 10 . The total mass of A-types we find here is comparable to that calculated in DeMeo and Carry (2013) that uses densities from Carry (2012) , and differences can be attributed to the assumptions for density and diameter for the mass calculation and to a better understanding of the false positive rate. For the size range we sample in this survey (12 ≤ H < 17 or diameters of approximately 2 ≤ D <12 km), the total A-type mass in the main belt (according to asteroids discovered through January 2018) is 3 x 10 16 kg, two orders of magnitude less than Eleonora itself. In our sample alone, the mass distribution for each H magnitude bin is 35, 28, 20, 12 and 5% respectively for H=12, 13, 14, 15, 16.
The focus of this paper is on implications for differentiation among small bodies, however, not all olivine-dominated bodies are differentiated (Burbine 2014) . A nebular (primitive) origin is expected for bodies with ferroan olivine compositions (fayalite Fe 2 SiO 4 ), and a magnesian olivine (forsterite Mg 2 SiO 4 ) composition indicates differentiation. Using a Modified Gaussian Model (MGM) Sunshine et al. (2007) studies 9 large Atype asteroids measuring the 1-µm band parameters. She finds 7 of 9 in her study are differentiated and 2 of 9 (289 Nenetta and 246 Asporina) are of nebular origin. This indicates that only 80% of A-types are differentiated, and any estimate of actual differentiated material should be corrected by this factor. Future work will perform similar models of the spectra from this survey to better constrain the fraction that are differentiated versus nebular. The overall results we find here should remain qualitatively the same and general conclusions still valid even if a fraction are found to be primitive.
[ Figure 10 about here.]
A-types in the NEO and Mars Crosser Populations
In a visible-wavelength survey ) of nearEarth objects Popescu et al. (2018) detected 8 A-type objects out of a sample of 147. DeMeo et al. (2009) find in their spectral sample that 50% of visible-wavelength A-types remain A-type with near-infrared data (see Table 3 from that work). Even factoring in a lower success rate the number of A-types in the work by Popescu represents ∼2.5% of their sample, an order of magnitude higher than our finding that 0.16% of main-belt objects are A-type. Following the SMASS (Small main-belt asteroid Spectral Survey) came the MIT-Hawaii NEO Spectral Survey or MITHNEOS, results of which are published in Binzel and DeMeo (tted) . MITHNEOS compiled 1047 spectrally classified NEOs from their data and the literature, 727 of which have near-infrared spectra. Popescu et al.'s A-type sample are all small NEOs, with H>20. Even though the MITHNEOS sample spans a broader H range (primarily between 16 ≤ H < 22), the sample size of near-infrared spectra with H > 20 is 162, comparable to that of Popescu et al. (2018) . MITHNEOS observed one of the A-type NEOs in Popescu et al.'s sample (444584) which was classified as an Sq-type based on diagnostic nearinfrared data.
Six asteroids in MITHNEOS were classified as A-or Satype. Four of those classifications -for asteroids (6053), (275677), (366774), and 1993 TQ2 -were based on visiblewavelength data, two with spectra and two with colors ( Ye 2011; DeMeo and Carry 2013; Kuroda et al. 2014) ). Two asteroids, (5131) and 2014 WQ201, with nearinfrared spectra are classified as Sa in Binzel and DeMeo (tted) . The quality of the data for 2014 WQ201 was poor and had it been a part of this survey it would not have been classified as confidently olivine-dominated. Our preferred calculation, including (5131) and excluding 2014WQ201 based on data quality results in an olivine-dominated percentage of the NEO population of 0.14% (1/727) which is a striking match with the mainbelt numbers we find here. Even including the second NEO with the poor-quality data results in a value of 0.28%. Even the most optimistic fraction from the near-infrared MITHNEOS data set looking only at H>20 to be consistent with ) is 1/162 or 0.6%.
Among the Mars Crossers in the MITHNEOS data set (1951) Lick is a well-studied A-type (de León et al. 2004) . One more near-infrared spectrum was classified as A-type, asteroid (367251), however, the quality of this spectral data was very poor. Two additional Mars Crossers were classified as A-or Sa-type base on visible-wavelength data originally published in Binzel et al. (2004) .
A-types have also been discovered in the Mars Trojan population. Asteroid (5261) Eureka has been known to have a unique spectrum (Rivkin et al. 2007) , and even though it has the characteristic red spectrum and wide, deep 1-µm absorption band of an A-type it is distinct from all other A-types because the 3 minima of the 1µm band are deeper making the whole feature more bowl-shaped than V-shaped. Borisov et al. (2017) and Polishook et al. (2017) performed near-infrared spectroscopic measurements of a few other Mars Trojans in the same cloud and found that a number of them had spectra similar to that of Eureka, suggesting they are a mini-family and are fragments of a parent body that may have been disrupted in that location. Polishook et al. (2017) put forth the theory that these fragments could have originated from Mars itself, following a large impact (such as the one that formed the Borealis basin) that excavated olivine-rich material from the Martian mantle. Their dynamical model also showed that A-types found in the Hungaria family might also have resulted from that same impact.
Discussion on family results
Given that the meteorite record suggests there existed ∼100 differentiated parent bodies, it has been surprising no evidence for significant differentiation of asteroids and within asteroid families has been seen. The photometric colors and albedos of the ∼100 known asteroid families (Nesvorný et al. 2015; Milani et al. 2014) tend to be very homogeneous (Parker et al. 2008; Masiero et al. 2011) . Through spectroscopic investigation, however, a number of families have been identified as remnants of differentiated parent bodies: Vesta (McCord et al. 1970; Consolmagno and Drake 1977; Binzel and Xu 1993) , Merxia, Agnia Vernazza et al. 2014 ), Maria (Fieber-Beyer et al. 2011 and Hungaria (Gaffey et al. 1992; Kelley and Gaffey 2002 (Bell 1988; Doressoundiram et al. 1998; Clark et al. 2009 ). The Eunomia family has been linked to partial differentiation by Nathues et al. (2005) ; Nathues (2010) . For a review of the physical properties of asteroid families see Masiero et al. (2015) In this work, we find very little evidence for full differentiation in families in the classical sense of forming a basaltic crust, olivine-rich mantle, and iron core. There were very few olivinerich candidates available to survey to begin with, and most of those candidates were found to be false positives. The Merxia and Agnia families, for example, that are suggested to be candidates for differentiation, had 64 and 91 members with SDSS colors, respectively, with 0 and 6 differentiated candidates in each. None of those 6 candidates were observable in our survey. The Flora family is the only one with multiple "mantle" fragments, but their presence within the Flora family is not statistically distinct from the background A-type population.
Implications for formation and evolution of small bodies
and the solar system There are four broad explanations for why we do not see an abundance olivine-dominated (or basalt-rich) bodies within the main belt: These bodies 1. were ground down to sizes below our observational threshold in the "battered to bits" theory (Burbine et al. 1996) , 2. are masked as another spectral type due to surface processes such as space weathering. 3. formed early in the terrestrial planet region and fragments were later implanted into the Main Belt, or 4. our understanding of asteroid differentiation is incomplete and a thick olivine-rich mantle may not be commonly formed.
We have established that there is no significant unknown mantle material in the main asteroid belt down to diameters of ∼2 km. We cannot yet systematically probe the compositions of sub-2 km main-belt asteroids to fully test the "battered to bits" scenario by Burbine et al. (1996) , but there are at least three additional constraints. First, simulations of Main-Belt collisional history in scenarios with more Vesta-like objects show that the currently observed Main Belt could not have had more than 3-4 Vesta-like objects, otherwise we would see more V-type asteroids not associated with Vesta (Scott et al. 2015) . Second, if there were a significant population of sub-2 km A-type asteroids, their small sizes would cause them to be delivered relatively quickly to resonances and into planetary-crossing orbits. Either those bodies existed and were cleared out long ago with only a depleted population surviving, or we should see them in the NEO population. Through the fossil meteorite record it has been shown that the compositional makeup of the meteorite flux on Earth (and by proxy the NEO population from which they originate) has changed dramatically over time and is often dominated by specific events, particularly asteroid disruptions, that occur in the Main Belt (Schmitz et al. 1997 (Schmitz et al. , 2003 Heck et al. 2004 Heck et al. , 2017 . Near-infrared spectral surveys of NEOs do not find evidence for an abundance of A-types. Third, an explanation would be needed for why olivine-dominated bodies experienced more collisional erosion than the asteroid classes most abundant in the Main Belt today: the S-and C-types.
There are a number of processes that can affect the surfaces of asteroids, and thus change their interpreted composition from spectral measurements. Space weathering is one of the more common processes affecting the surfaces of airless bodies. Bombardment by high-energy particles and micrometeorites causes chemical changes to the surface material that produces a variety of changes in the measured properties such as changes in albedo as well as spectral band depth and spectral slope (for a review, see Clark et al. 2002; Chapman 2004; Brunetto et al. 2015) . The continuum of the spectrum of olivine is neutral, whereas the A-type asteroids we measure have some of the reddest slopes in the inner solar system. This reddening effect has been reproduced in irradiation laboratory experiments that mimic the space environment (Sasaki et al. 2001; Brunetto et al. 2006) . While the prominent one-micron absorption band becomes less pronounced after irradiation, it remains clearly identifiable. Shock darkening from collision is another process that affects the surfaces of asteroids (Britt and Pieters 1989; Reddy et al. 2014; Kohout et al. 2014) . While shocking has been seen to darken the surfaces of ordinary chondrite meteorites to the point where the absorption band is severely depressed, it is not clear that this is a common process is in the asteroid belt or that it would act globally across multi-kilometer bodies. The fact that significant spectral diversity exists in the main belt and that collisions for multi-kilometer bodies are relatively rare suggests that while this is a notable process, it does not affect the majority of asteroids. Given these arguments, it is unlikely that a large population of olivine-dominated material is spectrally hidden within another class of objects.
The third explanation for the dearth of A-types is that differentiated planetesimals did not form in the Main Belt. Instead, they formed early in the terrestrial planet region at a point where the abundance of 26 Al was high. Thermal modeling of some iron meteorite parent bodies that were heated by 26 Al finds that these objects could have accreted less than 0.4 million years after the formation of CAIs (Calcium Aluminum Inclusions) (Kruijer et al. 2017) , the earliest condensates in the Solar nebula. In this tumultuous early period in Solar System history, collisions were much more frequent. Mantles could be stripped from their cores in events such as low-velocity hit-andrun collisions (Asphaug and Reufer 2014; Scott et al. 2015) . Any fragments that survive these collisions would then need to be implanted into the Main Belt to remain on stable orbits to be observed today. Three dynamical scenarios have been proposed to achieve implantation: 1. gravitational scattering among planetary embryos , 2. the Grand Tack planetary migration period (Walsh et al. 2011 (Walsh et al. , 2012 , and 3. the Nice Model planetary migration period (Morbidelli et al. 2005 (Morbidelli et al. , 2015 Scott et al. 2015) . See the discussion by Scott et al. (2015) in Asteroids IV as dynamical implantation is their pre-ferred scenario. Each of these methods may produce a different implantation signature, and our constraint of a uniform distribution may help distinguish among dynamical models. Finally, it is also possible that iron meteorite parent bodies either did not form extensive olivine mantles or differentiation is hidden by a primitive crust that is still preserved. ElkinsTanton et al. (2011) modeled that partial differentiation of chondritic material could create a differentiated interior with an unheated crust. Asteroid (21) Lutetia is a candidate for this scenario because it has surface spectral properties consistent with a chondritic composition, but it has a high bulk density measured by the Rosetta mission. Work by Weiss et al. (2012) attribute this to internal differentiation, although Vernazza et al. (2011) suggest Lutetia's spectral and physical properties are consistent with the primitive meteorite class enstatite chondrites. Given the spectral homogeneity of asteroid families that essentially allow us to probe the interior of larger parent bodies, it is not clear that this type of partial differentiation is common in the asteroid belt. Dawn observations of (4) Vesta have found no evidence for an olivine-dominated mantle. Large impact craters on Vesta's South Pole, which could have excavated down to depths of 60-100 km (Clenet et al. 2014) , did not expose significant amounts of olivine (Ammannito et al. 2013) . Clenet et al. (2014) finds that the crust-mantle boundary is deeper than 80 km. The range of Mg compositions of olivine in howardites (Lunning et al. 2015) , which are believed to be fragments of Vesta, are consistent with forming through partial melting (e.g., Wilson and Keil 2012) and not with full-scale melting in a whole-mantle magma ocean.
A recent model of differentiation of Vesta-sized bodies argues that olivine-dominated mantles would not form (ElkinsTanton et al. 2014 ). These models finds that the first crystallizing mineral would be olivine, which would settle to the core-mantle boundary. Samples of these core-mantle boundaries would be pallasites. However, due to the high viscosity of the molten mantle, only the earliest-forming crystals with sizes of several cm would settle. The remaining mantle material would then solidify in bulk and not result in the significant accumulation of olivine crystals (Scheinberg et al. 2015) .
Future surveys to further this work
The large survey data publicly available today such as SDSS (York et al. 2000; Ivezić et al. 2001) , WISE Masiero et al. 2011), and VISTA (McMahon et al. 2013; Popescu et al. 2016 ) with tens to hundreds of thousands observations have greatly advanced our ability to characterize the main-belt population as a whole and to focus in on finer details of the compositional structure of the main belt. We expect upcoming surveys will provide equally if not even greater insight through larger numbers of observations and better quality data. These include Gaia (Gaia Collaboration et al. 2016) , Euclid (Carry 2018) , and LSST (LSST Science Collaboration et al. 2009 ). For questions related to olivine-dominated material and differentiation, we will look to these surveys to identify more candidates at broader locations and smaller sizes than previously available.
By providing orders of magnitude improvement on the accuracy of orbits, and visible spectra for 300,000 asteroids (Mignard et al. 2007 ) Gaia will allow minute identification of family members, helping identifying interloper and opening the door to extensive searches of in-homogeneity in parent bodies of families.
The LSST is expected to discover millions of main-belt asteroids, and hundreds of thousands of NEAs. With multiband photometry in a set of filter similar to that of the SDSS, broad compositional classification will be possible, pushing our knowledge to smaller sizes, and allowing a clear link to be established between the NEA and their source regions in the MB. The apparent contradiction of small samples of NEA as mentioned here should vanish in the LSST era.
However, both surveys will operate in the visible only. As shown here, the ambiguity in spectral classification will affect both, and near-infrared data will be crucial to identify rare mineralogies such as the olivine-rich A-types discussed in the present study. The ESA mission Euclid, to be launched in 2020, is expected to observe about 150,000 small bodies (mainly MB) over its six-year mission, in the visible and three infrared broadband filters, enabling additional compositional investigations (Carry 2018) .
Conclusion
The main findings and conclusions of this work are
• We confirm 21 A-type asteroids distributed throughout the main belt including the discovery of A-type asteroid (11616) in the Cybele region. We find 0.16% of the main belt is A-type, a very small fraction. We also reaffirm that there is no significant undiscovered olivine-dominated material down to ∼2 km diameters.
• The fraction of A-types in the main belt is strikingly similar to what is found in the NEO population in the survey by (Binzel and DeMeo tted) which ranges from 0.1-0.6% depending on the data included.
• We estimate the total number of A-types in the main belt down to ∼2 km to be ∼600. Most of the A-type mass (> 80%) is contained within the largest body (354) Eleonora. About half of A-types by number are within the smallest size bin (16≤H<17).
• The distribution as a function of semi-major axis is relatively flat. This flat distribution does not support a locallyformed theory as they span a wide semi-major axis range across the belt where the dominant type transitions dramatically from S to C to P. Instead, the results are more in line with the theory that these fragments were later implanted.
• While we find 6 A-and V-type bodies dynamically associated with families, we find no statistically significant evidence that there has been differentiation in these families, at least in the canonical sense of forming a basaltic crust, olivine-rich mantle, and iron-rich core. This work supports evidence that asteroids in the main belt are generally not differentiated and that differentiated material did not form locally within the main belt. It is apparent that A-types exist at all regions of the belt even at high inclinations. We note there is even an A-type past 3.3 AU in the Cybele region where even S-complex asteroids are rare (Sec. 3.2). This object, (11616) 1996 BQ2, was discovered in this work as part of the candidates that were outside of the boundaries used for the statistical work here. (11616) is an A-type discovered within the Cybele region of the asteroid belt (Sec. 3.2). This asteroid was part of the set of observations of potential A-types that were not within the formal A-type candidate boundaries. Figure 8: Histograms of Lyapunov times in kyr from the AstDyS website for asteroids identified as members of the Eos, Eunomia, Flora, Gefion, Nysa-Polana, and Vesta families, as labeled, by Nesvorny (2015) . Lyapunov times for A-type asteroids found in the Flora, Gefion, and Vesta families and the V-type asteroid found in the Eunomia family in this work are marked with vertical line segments and numerical labels. Other vertical line segments mark Lyapunov times for other family-associated objects observed in this work. 
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